ABSTRACT A saline-alkaline brine containing high concentrations of U(VI) was accidentally spilled at the Hanford Site in 1951, introducing 10 tons of U into sediments under storage tank BX-102. U concentrations in the deep vadose zone and groundwater plumes increase with time, yet how the U has been migrating is not fully understood. We simulated the spill event in laboratory soil columns, followed by aging, and obtained spatially resolved U partitioning and speciation along simulated plumes. We found after aging, at apparent steady state, that the pore aqueous phase U concentrations remained surprisingly high (up to 0.022 M), in close agreement with the recently reported high U concentrations (up to 0.027 M) in the vadose zone plume (1). The pH values of aged pore liquids varying from 10 to 7, consistent with the measured pH of the field borehole sediments varying from 9.5 to 7.4 (2), from near the plume source to the plume front. The direct measurements of aged pore liquids together with thermodynamic calculations using 2 a Pitzer approach revealed that UO 2 (CO 3 ) 3 4-is the dominant aqueous U species within the plume body (pH 8-10), while Ca 2 UO 2 (CO 3 ) 3 and CaUO 2 (CO 3 ) 3 2-are also significant in the plume front vicinity (pH 7-8), consistent with that measured from field borehole porewaters (3). U solid phase speciation varies at different locations along the plume flow path and even within single sediment grains, because of location dependent pore and micropore solution chemistry. Our results suggest that high geochemical stability of UO 2 (CO 3 ) 3 4-in the original carbonate and sodium rich waste solution permits its continues migration and the field observed increases of U concentrations in the vadose zone and groundwater.
Introduction
The Hanford Site is one of the DOE's largest contaminated nuclear weapons production legacy sites, located in a semiarid area of south central Washington State that discharges groundwater into the Columbia River (4) . U, together with other contaminants was released to the Hanford vadose zone through leakage of massive underground storage tanks containing concentrated high level radioactive wastes, and through discharges of lower concentration wastewaters into retention basins, cribs, and trenches.
The B-BX-BY tank farm complex located in the 200 East Area of Hanford Site was used to store waste solutions from the plutonium-uranium plant. The Tank BX-102 overfilling in 1951 was the largest single accident in Hanford's history and left an estimated 10,000 kg of U(VI) in the deep vadose zone (5) . A U plume was identified in groundwater ( Figure 1 ) (the water table is at ~80 m depth) with increased concentrations over time, and the source was traced to the BX-102 1951 spill (6, 7) . A comprehensive understanding of spatial distribution, speciation and migration of the contaminant U is extremely difficult to obtain because of the unknown history of the infiltration rates and paths of the waste-liquid and its interactions with sediment. Figure 1 illustrates the layout of B-BX-BY tank farms, spilled tank BX-102, its associated vadose zone and groundwater plumes, as well as two boreholes referred to in later sections. Direct characterizations of the core sediment from borehole 299-E33-45 have provided valuable information about the waste plume (2) , and selected results (discussed further in later sections) are shown in Figure 2 . Microscopic and spectroscopic studies of selected samples from this borehole identified uranyl silicate (uranophane) as the dominant U species, residing within micro fractures of feldspar grains (9) (10) (11) (12) (13) . Column and batch experiments using contaminated sediments from this borehole indicated that slow dissolution kinetics of the U(VI) silicates and intragranular mass transfer are expected to keep rates of U(VI) release into pore waters low (14) . Laser fluorescence spectroscopy studies of the borehole samples identified UO 2 (CO 3 ) 3 4-and Ca 2 UO 2 (CO 3 ) 3 as the predominant U species in the plume aqueous phase (3). Significant progress has been made in understanding the U residing under the tank BX-102, as summarized in Zachara et al. (4) .
A recent report (1) showed very high U concentrations detected at depth around 70-75 meters (gamma spectral logging, just above the water table) from the monitoring borehole 299-E33-18 ( Figure 3 ), believed to originate from the BX-102 overfill event.
The measured maximum 238 U activity was surprisingly high as 1237 pCi g -1 , equivalent to U pore water concentration 0.027 M (34% water saturation, measured using neutron density logging at the same location). These newly obtained field measurements raised 4 the question of how it was possible for such high U concentrations to exist in mobile pore liquids a half-century after the spill. Our study is intended to help answer this question.
Taking a different approach, we simulated the tank BX-102 overfilling event in laboratory columns. The results are presented in two papers. In the earlier paper (15), we reported that the infiltration rate of the original waste liquid and hydraulic conductivity of the sediment controlled U partitioning and spatial distribution. U was practically unretarded at flow rates > 5 cm day -1 . Given the very high hydraulic conductivity of Hanford formation sands (10 2 to 10 4 m day -1 ), only the low permeability zones/layers within the sediments are responsible for retaining significant U in Hanford vadose zone when the leakage rate is high. In this paper we present spatially resolved U partitioning and speciation along the simulated U plumes after aging. Column Profiling Method. The profiling method employed in this study was developed in our earlier work with column lengths up to 2.0 meter (18) (19) (20) . In this study, columns were 0.5 m long and 0.038 m ID. Uncontaminated Hanford formation sediment with a controlled moisture content of 7.0 mass% was used to pack the columns. The columns were packed as homogeneously as possible with a typical dry bulk density ≈ 1.65 g cm -3 .
The columns were set vertically in hot-water baths at 70˚C (the approximate temperature during infiltration of the radioactive waste liquid). The synthetic waste solution was injected into the columns at a pore water velocity 5 cm day -1 . Direct information on the flow rate of the waste liquid during spill was not available, but would have depended in detail on the spill rate and the sediment hydraulic conductivity. Since permeability at the field scale in Hanford formation sands can be highly variable, a flow rate of 5 cm day The choice of aging the sectioned segments instead of whole intact columns was based on the knowledge from our previous study (15) that plume chemistry is highly heterogeneous along the flow path, and that mixing/mass transfer induced by advection and diffusion during aging would be amplified at the laboratory scale compared to the field scale. Each tube therefore contained a segment of the plume and was sealed and weighed to monitor the moisture loss at later times during aging. The tubes were held vertically in a rack within a water-bath at 70˚C, and were open to the atmosphere once a week for 10 minutes to approach equilibrium with the atmospheric P(CO 2 ) (the expected condition for coarse-grained, semi-arid vadose zone sediments). Drops of distilled water were periodically added into samples to make up any evaporative weight loss. After the desired aging times (3 and 12 months) the same protocol described in the previous section was followed.
Analytical Methods. U concentrations in pore liquids were determined using a kinetic phosphorescence analyzer (KPA, Chemchek, Richland, WA). Major element compositions were determined using ICP (Perkin Elmer 5300, Waltham, MA). Carbon was analyzed using a TIC-TOC analyzer (O-I Analytical). U contents in the segmented sediment samples were measured using gamma spectrometry (GMX-50220-P, E.G.&G.
Ortec, Oak Ridge, TN). Aqueous U species in the pore fluid were determined using timeresolved laser fluorescence spectroscopy (TRLFS) (21) . SEM/EDS was used for characterizing morphology and chemical composition of the sediment associated U species. Synchrotron based micro-XRD was used to determine the mineralogy of Ucontaining solid phase.
Thermodynamic Calculations. Geochemical speciation calculations were carried out on pore water extracts from 0 month and 12 month-aged columns using the Pitzer database data0.ypf.R2 of EQ3/6 version 8.1 (22) . The thermodynamic database was modified to include the formation of aqueous Ca 2 UO 2 (CO 3 ) 3 (aq) and CaUO 2 (CO 3 ) 3 2-species (23). The temperature dependence of the uranium-carbonate complex was added from the non-Pitzer version (data0.ymp.R5) (24) . EQ3 was used to calculate the charge imbalance in the measured aqueous solutions. In most cases, a concentration of NO 3 -, which was not measured in the pore extracts, was assumed based on its concentration in the injection solution (measured). This appears reasonable given the conservative behavior of the nitrate ion in the system. In samples collected close to the plume front, however, NO 3 -was adjusted rather than Na + , since the concentration of the nitrate is expected to approach zero at the front. EQ3 calculations were initially carried out at 25ºC using the measured pH at this temperature. Subsequently, the temperature was adjusted upward to 70ºC (the temperature of the experiments) using EQ6, without allowing any minerals to precipitate, and pH was then calculated based on charge balance at temperature.
Results and Discussion
Aging Table 1 , along with the sediment U concentrations. Thin sections (100 µm thick) were made from epoxy embedded sediment grains. Presented in Figure 6 are SEM backscattered electron images from samples at locations 0.83 and 0.29 (Table 1) (Table 1) .
(B) Cejkaite was identified as the dominant U solid phase within plume body. However, weeksite, was found distinctly residing within the fine veins. The sediment sample was from normalized depth 0.29.
Thermodynamic Calculations.
The calculated aqueous speciation and mineral saturation states for the un-aged and aged column segments of selected locations along the depths of the column are provided in . Aging reduced aqueous U by near 100% within the plume front region and 60-82% within the plume body mainly through precipitation.
The calculations of mineral saturation indices states (log Q/K eq ) based on measured pore fluid compositions indicate that the mineral cejkaite was under-saturated at plume front, and slightly over saturated within the plume body before aging. This is consistent with the XRD results that cejkaite was one of the major U-bearing phases within the aged plume body. Before aging, boltwoodite was super-saturated in the entire plume. At the plume front, a large number of uranium-bearing phases were found to be supersaturated before aging, including zippeite, weeksite, (UO 2 ) 3 (PO 4 ) 2 , and schoepite. Calcite was also found to be close to saturation before aging. These predictions are consistent with the XRD measurements. Note that phosphate-bearing minerals were not identified in our µ-XRD analyses, we believe that they must be associated with the sediments and this should be an area of future work. 
Implications for Understanding

